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We study a lepton-flavored dark matter model and its signatures at a future muon collider. We focus on
the less-explored regime of feeble dark matter interactions, which suppresses the dangerous lepton-flavor-
violating processes, gives rise to dark matter freeze-in production, and leads to long-lived particle
signatures at colliders. We find that the interplay of dark matter freeze-in and its mediator freeze-out gives
rise to an upper bound of around TeV scales on the dark matter mass. The signatures of this model depend
on the lifetime of the mediator and can range from generic prompt decays to more exotic long-lived particle
signals. In the prompt region, we calculate the signal yield, study useful kinematics cuts, and report
tolerable systematics that would allow for a 5S¢ discovery. In the long-lived region, we calculate the number
of charged tracks and displaced lepton signals of our model in different parts of the detector and uncover
kinematic features that can be used for background rejection. We show that, unlike in hadron colliders,
multiple production channels contribute significantly, which leads to sharply distinct kinematics for
electroweakly charged long-lived particle signals. Ultimately, the collider signatures of this lepton-flavored
dark matter model are common among models of electroweak-charged new physics, rendering this model a
useful and broadly applicable benchmark model for future muon collider studies that can help inform work

on detector design and studies of systematics.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is an
extremely successful model, making precise and accurate
predictions for a wide range of phenomena. However,
it fails to explain several fundamental phenomena. This
includes explanations for the origin of the electroweak
scale, the existence of three flavors of matter and their mass
hierarchies, and the particle nature of dark matter (DM), to
name a few.

Many studies are undertaken in pursuit of an answer to
these questions. On the experimental front, collider experi-
ments are unique in their ability in probing a multitude of
different models and unveiling various aspects of potential
beyond SM (BSM) particles above the electroweak scale.

To that end, various future collider experiments are
proposed to push the energy frontier. One such option
that, thanks to increasing community interest (see,
e.g., [1]), has risen as a compelling contender is a muon
collider (MuC) [2-7]. There are considerable technical
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challenges that need to be overcome before a viable high-
energy MuC can be constructed; see Refs. [1,8-12] for
recent reviews. Nonetheless, many theoretical studies are
carried out to underscore the reach of such a machine in
probing different BSM models, and a template of well-
motivated targets are being developed for searches at such
a facility. The clean environment of a lepton collider,
combined with substantial parton distribution function
(PDF) of electroweak gauge bosons in a muon at TeV
scales, turns such a machine into a suitable candidate for an
in-depth study of the Higgs and precision electroweak
measurements [13-26], flavorful new physics [27-42], and
DM candidates [43-48], as well as other general SM and
BSM physics studies [49-62]. There are also proposals for
earlier stage facilities, such as a beam dump with accel-
erated muon beams, and interesting new physics that they
can probe [63,64].

At the moment, there exists no final detector design
for such a future machine. Theoretical works tabulating
well-motivated models can inform development of such a
design. In particular, there are many well-motivated
DM models that can be searched for at a MuC, including
various minimal weakly interacting massive particle
(WIMP) DM models [43]. Many of these DM models,
including WIMPs, are strongly constrained by direct
detection searches.

Published by the American Physical Society
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In this work, we focus on a less-constrained—yet
similarly minimal—class of DM models, namely, flavored
DM [65-73]. In such setups, the DM, which is a singlet
fermion of the SM, interacts with the SM only via a new
scalar mediator with the same charges as one of the SM
fermion fields. We focus on the setup where the new
mediator has the same charges as right-handed (RH)
leptons of the SM and study its relic abundance calculation
and signals at a MuC.

Previous works on flavored DM models have focused on
DM production through thermal freeze-out [65—73]. A sub-
TeV DM mass gives rise to the correct relic abundance in
such setups. DM coupling to SM leptons should be aligned
with a SM lepton Yukawa matrix in order to suppress
dangerous flavor-changing neutral current (FCNC) and
lepton-flavor-violation (LFV) processes. These constraints
can be abated by decreasing the size of the DM-mediator
Yukawa coupling, which opens up a new mechanism for DM
production: freeze-in [74]. The smallness of the Yukawa
coupling also leads to a rich set of collider signatures,
ranging from prompt to long-lived particle (LLP).

In this work, we will study in detail the production
mechanism for freeze-in flavored DM, demonstrating how
the interplay between mediator and DM abundance leads
to a bounded parameter space, as well as the collider
signatures at a future MuC. In particular, given the generic
nature of the production rate of our model, our signal yield
can serve as a benchmark target that will inform future
experimental studies.

In Sec. II, we introduce the flavored DM model that we
study in this work. We go through its relic abundance
calculation in the freeze-in regime, as well as a review of
some existing LHC bounds on its parameter space. We will
then comment on its production channels at a future MuC
in Sec. III. We will then study the kinematics of this model
and prospects for its discovery in parts of its parameter
space where it decays promptly in the detector in Sec. IV.
We will also study its kinematics and signal yield in the
LLP part of the parameter space in Sec. V, before
concluding in Sec. VI. We also provide details about relic
abundance calculation in Appendix A. Further histograms
and explanations about the prompt (LLP) signal are
included in Appendix B (C).

II. LEPTON-FLAVORED DARK MATTER MODEL

We start by introducing the model under study in this
paper. We augment the SM with a scalar mediator, ¢,
that has the same charges under SM gauge groups as RH
charged leptons, and neutral fermion y,

LD _m)()_(a)(a - mé|¢|2 - /li,a(ﬁéi)?a' (21)

'With the same field content, we could also have ¢LL and
HyL terms that could potentially destabilize DM. We postulate a
Z, parity acting on ¢, y, and j that forbids these terms.

Here, i (a) is the SM fermion (DM) flavor index, e denotes
SM charged leptons of RH chirality, y is the fermionic
DM candidate, ¢ is the mediator that has the same charges
under SM gauge group as a RH charged lepton, and m,
(mgy) denotes the shared DM (mediator) mass. While
having multiple DM flavors can give rise to interesting
physics [65-72], we will consider only one DM flavor, as
multiple flavors will not affect our collider study.

It should be noted that such setups are studied under
other names such as effective WIMP [75,76], fermion
portal DM [77,78], and colored mediator models [79,80] as
well. The flavored DM model can be considered a more
general framework compared to these models, since it also
includes multiple DM flavor indices. Thus, we use the
umbrella term flavored DM for our model, even though
having multiple DM flavors, for the most part, does not
change our study. We should also note that we focus on the
case where the neutral particle y is a fermion. We could also
consider the scenario in which this DM candidate is scalar
and its mediator to SM is a charged heavier fermion.

In the existing studies of such setups (including a recent
study of its signal at a MuC [46]), DM is assumed to be a
thermal relic, freezing out of the SM bath at some point in
the early Universe. Nonetheless, DM abundance could also
be determined via the freeze-in mechanism [74] instead,’
where DM never reaches thermal equilibrium with SM.
While there exist some studies of flavored DM abundance
via UV freeze-in [82] or LHC signatures in this region of
the parameter space [83,84], a proper study of the interplay
between the DM freeze-in and its mediator’s freeze-out and
their implications for collider searches are still undelivered.

In the upcoming sections, we will study the relic
abundance of DM in such a setup more carefully, high-
lighting an interesting interplay of freeze-in and freeze-out
which gives rise to an upper bound on DM mass and
interesting signals at future colliders. It should be noted that
we are implicitly assuming the reheating temperature in the
early Universe is above the mediator mass mg, such that
there initially exists an abundance of ¢ in equilibrium with
SM, which subsequently freezes out before decaying to
DM . If the reheat temperature is below ¢ mass, DM is
produced only via UV freeze-in [81], and it will not have an
upper bound on its mass.

The original flavored DM setups required an artificial
introduction of a nontrivial flavor ansatz to suppress
dangerous FCNC and LFV. In the freeze-in regime, small-
ness of the 4 Yukawa coupling guarantees an automatic
suppression of these processes. We will leave explorations
of a natural realization of such small Yukawa couplings in
the UV to future works and focus on their phenomenology
at colliders in this work.

*The original freeze-in proposal is now known as IR freeze-in;
see Ref. [81] for what is known as UV freeze-in.
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FIG. 1.

Some diagrams relevant for Boltzmann equations governing freeze-out of ¢ (top) and the freeze-in of y (bottom). The freeze-

out diagrams are controlled by the electroweak gauge coupling (the black dots), while the freeze-in process is proportional to the small
Yukawa coupling A (red dot). We assume comparable coupling to different lepton flavors in our calculation. Other diagrams with higher

numbers of A vertices or particle multiplicity are suppressed.

A. Relic abundance

In this section, we go through the relic abundance
calculation of our setup. We will show that the interplay
between the freeze-in and the freeze-out processes bounds
our viable parameter space from all directions. Further
details about our calculation of the relic abundance can be
found in Appendix A; see also Refs. [85,86] for a similar
relic abundance calculation in a quark-flavored DM model.

We start by reasserting that ¢ reaches equilibrium in
the early Universe, i.e., the reheat temperature is higher
than the ¢ mass. As a result, we should solve the coupled
set of Boltzmann equations governing the abundances.
Neglecting Pauli blocking and Bose enhancement, and
assuming symmetric particle-antiparticle abundances, we
can rewrite the evolution equations for ¢ and y abundances
as [74,87]

dv, Zm%“@w#
Y _ 9 TYvy—s Y2 _ Y2
dx ~ H(m¢)x2 [ ¢ f/)-EQ}

FEIN S Y Y
e ] o I
~H(my) 2 sEQ Yy EQ
ﬁ — Z X3 g¢r¢_>f)( Kl ()C) |: Y¢ _ Y){ :| (23)
dx Z H(m¢) 277,'2 Y(/),EQ Y)(.EQ

where H(my) = 1.661/¢fm3 /My is the Hubble constant
atmgand x = my/T. Yx = ny/T? is the yield of particle X
with ny the number density for particle X, and Yy gq is the
equilibrium value of Y. The expression for ¥, consists of
two parts that contribute to the depletion of ¢: The first line

corresponds to the annihilation of ¢, where (6v) 4, r is the
thermally averaged cross section for ¢*¢p~ — F with
F€|[f?,qq.yy, ZZ), while the second line corresponds
to the decay of ¢, where I'y_,,, is the decay width, g, = 1
is the number of spin degrees of freedom of ¢, and K, is the
first-order modified Bessel function of the second kind.
The expression for Y, has one term which corresponds to
the production of y from ¢ — £y. In the calculations that
follow, we assume the couplings 4; = 4 are all equal. In
Fig. 1, we see the relevant diagrams for our calculation. In
this freeze-in calculation, other diagrams involving more 4
couplings or additional external particles are suppressed
and negligible [74].

We numerically solve these coupled differential equa-
tions. In Fig. 2, we see the results for benchmark masses
and a fixed mediator lifetime. We have chosen the Yukawa
coupling A such that we get the correct final y relic
abundance. From this figure, we see that there are two
scenarios that can give rise to the same final y abundance.
For the lighter ¢ freeze-in of y dominates its final
abundance, gaining merely a small boost when ¢ decays,
while for a heavy ¢ we see that freeze-out of ¢ and its
subsequent decay to y dominates the final y abundance.

We can then use the final y yield to calculate its expected
relic abundance. Assuming that y constitutes all of the DM,
we set Q){h2 = 0.12 (e.g., see Ref. [88]) and find the value
of the coupling A = A’ that recovers this for each pair of ¢
and y masses. In our analysis, we assume the same coupling
between DM and all SM RH Ieptons. In Appendix A, we
detail our semianalytic approximation for calculating A’

In Fig. 3, we show contours of A’ for every point on the
mass plane. For large enough m, values, the ¢ freeze-out
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FIG.2. Abundance of y (orange lines) and ¢ (blue lines) for the
two my values that result in today DM abundance for y with
the given m,, and ¢ lifetime. Solid (dashed) lines correspond to
the light (heavy) ¢ scenarios. The figure shows that we can have
scenarios where y abundance today is mostly dominated by
freeze-in of y itself (solid lines) or freeze-out, and subsequent
decay, of the mediator ¢ (dashed lines). It also shows that,
with fixed lifetime and DM mass, there are two different media-
tor masses (and A couplings) that give rise to the right relic
abundance.
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FIG. 3. The DM Yukawa coupling A’ that gives rise to the right

relic abundance today. We assume the coupling to each fermion is
the same.

cross section will be small enough that we are left with too
many ¢ particles after their freeze-out such that, after their
decay to y, the Universe will be overclosed. As we decrease
my, and for a fixed m,, at some point the freeze-out ¢
abundance will be low enough that, after decaying to y, we
find the correct relic abundance today. The contribution
from DM freeze-in to the abundance today will be
subdominant. For lower m, values, the DM abundance
from ¢ freeze-out and decay is augmented by a non-
negligible freeze-in contribution to get the right relic

abundance today. Stability of DM also puts a lower bound
on the mediator mass mg > m,.

The upper bound on the mediator mass (from DM relic
abundance) and the lower bound on it (from DM stability)
suggest a bounded viable parameter space. This also
implies an upper bound on the DM mass. Our relic
abundance calculation shows that this upper bound is

m, <3.6 TeV. (2.4)

B. Existing constraints

The ongoing searches at LHC already constrain parts of
our parameter space. These constraints depend strongly on
the lifetime of the mediator. In Fig. 4, we show the lifetime
of the mediator as given by

T(/) = (3F4,_>Lﬂ){)_1, (25)
where the factor of 3 is due to the three charged lepton
channels. In this calculation, we assume the same branch-
ing ratio to each final state lepton. This lifetime affects the
signal of our model at future colliders as well as at the LHC.

To find the bounds from LHC, we note that our mediator
is identical to a right-handed slepton. Many searches for
sleptons have been carried out at the LHC (e.g., see
[91,92]); however, the majority of these searches assume
that the sleptons decay promptly. To map the prompt region
onto our parameter space, we take anything that has a
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FIG. 4. The charged mediator ¢ proper lifetime 7,, assuming
the Yukawa couplings required to get the right relic abundance
(as given in Fig. 3). Depending on this quantity, the signal, and,
thus, the collider search strategy, varies significantly across the
parameter space. The green (pink) region is already ruled out by
the LHC search in Ref. [89] (Ref. [90]). This figure shows that a
large part of the viable parameter space is not probed by the LHC,
motivating future collider searches. The dashed purple line
denotes the boundary between our prompt (Sec. IV) and LLP
(Sec. V) search regions; see Sec. III for details.
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proper lifetime of 7, < 3 X 1072 ns as prompt (see further
details in Sec. III B). With this, the prompt searches do not
reach high enough ¢ masses to be visible on our bounds
plot, regardless of combination of slepton flavors.

On the other hand, searches for long-lived sleptons can
probe some parts of the parameter space. In Fig. 4, we show
the bounds from the long-lived sleptons in Ref. [8§9] on our
model. In applying these bounds, we assumed a branching
ratio of 1 to the strongest charged lepton channel (selec-
trons in this case), to be optimistic about the reach of LHC
in our parameter space. We also show the bounds from the
CMS search for staus as heavy stable charged particles in
the detector [90]. Figure 4 clearly shows a substantial part
of the viable parameter space remains unavailable to LHC,
and this motivates searches for this model in future
colliders, which we turn to next. Additionally, limits from
LEP are always taken into account by assuming that m, >
100 GeV [93,94], and small-scale cosmological structure
observables set a limit on the mass of freeze-in DM such
that m, 2 10 keV [85,86,95].

III. PRODUCTION AT MUON COLLIDERS

We now turn to signals of our flavored DM model at a
MuC. In our analysis, we assume there exists only one
flavor of DM. We also remain inclusive over the final state
charged leptons in our analysis. Our mediator production
rate is independent of the branching ratio to different
charged leptons and can be repeated straightforwardly
for models where the mediator decays with different
branching ratios.

We will calculate the signal yield of our model at a future
MuC and comment on the reach of a future MuC in its
parameter space. When possible, we will also report the
tolerable systematic uncertainty that will still allow a
discovery of our model with the aim that our results can
inform the detector designs and simulations, especially
with regards to LLP signals. We start with a review of the
relevant aspects of a future MuC design and then discuss
the production cross section of our model’s mediator at
such a facility.

A. A future muon collider

There are many ongoing experimental studies about the
feasibility and features of a future MuC, including works on
a detector design; see Refs. [1,8—12] for recent reviews. A
final and complete detector design is still an ongoing field of
research. While this prevents a detailed study of phenom-
enology of BSM models at a MuC, it underscores the
importance of developing a template of canonical models
that, in turn, informs the development of the detector.

While further studies are in order, recent progress in the
cooling system [96] has revived the hopes for achieving
large luminosities at a MuC. The benchmark target lumi-
nosity for a high-energy MuC with center of mass energy of

\/s is given by [6]

2
Eleab‘1x< Vs ),

1
10 TeV (3-1)

which we use in our study as well. We will focus on
benchmark center of mass energies /s =3 TeV and
/s = 10 TeV, for which Eq. (3.1) suggests benchmark
1(10) ab™! integrated luminosities, respectively.

In Sec. V, we outline an LLP search for our model,
whose primary signature is displaced leptons at different
transverse distances from the beam. This highlights the
need for a rough estimate for the size of different compo-
nents of the detector, hence the need for assuming a
benchmark detector design. We use the design sketched
in Refs. [10,11], which, in turn, is informed by the existing
lepton collider designs; e.g., see the CLIC [97] and ILC
designs [98]. The size of different segments of the detector
are reported in Table I (table taken from Ref. [10]). We will
use the barrel region of these segments in our LLP analysis
of Sec. V.

The closest part of the detector to the beam is a vertex
detector that spans transverse distances of up to 10 cm. The
next part is the silicon-based tracking system, filling up the
space until transverse distance of around a meter. Outside
the tracking detector resides the silicon-tungsten ECAL
with thickness of tens of centimeters and a multilayer
HCAL, followed by the magnetic field solenoids stretching
roughly up to a radius of 4 m away from the beam. Finally,
a muon spectroscopy system starts at around transverse
distances of 4 m and surrounds the entire system.

In addition to these, to mitigate the effect of the beam-
induced background (BIB) at a MuC, two tungsten nozzles
cladded with borated polyethylene are included in each
forward direction. These nozzles limit the access to forward
directions; we will assume pseudorapidity || = 2.4 is not
accessible. See Refs. [10,11,98] for further details about the
design.

We should remind the reader that Table I should not be
construed as the final MuC detector design. Our upcoming
analysis can straightforwardly be repeated once a concrete
design is developed.

The design in Ref. [10] uses a large magnetic field as
well. Nonetheless, the effect of this magnetic field will be
negligible on our study. In particular, our proposed LLP
search in Sec. V relies on transverse displacement of
displaced leptons, which is not particularly sensitive to
the magnetic field (for any feasible magnetic field size in
the detector).3

’An adequately precise measurement of some LLP signals,
such as closest approach of the track to the primary vertex,
requires a proper inclusion of the magnetic field effect—see
Ref. [99] for a recent review. However, we will not study such
signals in this paper.
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TABLE L

Different components of the current proposed detector design for a high-energy MuC. The table is adapted from Ref. [10].

The L (Z) dimension refers to the segment size in the transverse (longitudinal) direction. The # bound column is added to the table of
Ref. [10] and shows the highest value of pseudorapidity # for a track that completely goes through that region. This information will

enter our LLP search in Sec. V.

Subsystem Region L dimensions [cm] |Z| dimensions [cm] n bound Material
Vertex detector Barrel 3.0-10.4 65.0 <2.53 Si
End cap 2.5-11.2 8.0-28.2 <1.65 Si
Inner tracker Barrel 12.7-55.4 48.2-69.2 <1.05 Si
End cap 40.5-55.5 52.4-219.0 <1.07 Si
Outer tracker Barrel 81.9-148.6 124.9 <0.76 Si
End cap 61.8-143.0 131.0-219.0 <l1.21 Si
ECAL Barrel 150.0-170.2 221.0 <1.08 W + Si
End cap 31.0-170.0 230.7-250.9 <I1.18 W+ Si
HCAL Barrel 174.0-333.0 221.0 <0.62 Fe + PS
End cap 307.0-324.6 235.4-412.9 <0.71 Fe + PS
Solenoid Barrel 348.3-429.0 412.9 <0.85 Al
Muon detector Barrel 446.1-645.0 417.9 <0.61 Fe + RPC
End cap 57.5-645.0 417.9-563.8 <0.79 Fe + RPC

B. Flavored dark matter at a future muon collider

In this section, we go over basics of our model signals in
a future MuC. Since we are focusing on the freeze-in
regime, the Yukawa coupling of the DM to SM leptons
and the mediator ¢ is very small, and, thus, direct DM
production is strongly suppressed. The mediator ¢, on
the other hand, is charged under SM gauge groups and
can be produced ubiquitously if kinematically allowed.
Subsequently, ¢ can decay only to the DM and a lepton,
giving rise to a charged lepton and missing energy in the
detector. Since the production is determined by SM gauge

V] Z ANAAAAAAA e mmea o ~/Z

FIG. 5.

couplings, our model is a well-motivated target whose
signal yield can be used for a plethora of different BSM
models and can inform future detector designs.

Diagrams relevant for ¢ production at a MuC are shown
in Fig. 5. The kinematic distribution of final states will
change depending on the production channel. Similar
topologies exist for other flavored DM setups (where ¢
has same charges as other SM fermions). They give rise to a
pair of ¢ particles, each of which subsequently decays to a
DM particle and a lepton. The branching ratio to different
charge leptons will depend on the Yukawa couplings.
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Diagrams pair producing ¢ at a future MuC. The initial state can be either SM charged leptons (top) or electroweak gauge

bosons (bottom). We refer to these production channels as Drell-Yan (DY) or vector boson fusion (VBF), respectively. The produced ¢
particles are on shell and will eventually decay to DM y and a charged lepton. All diagrams involving an off-shell ¢ or their single
production are suppressed by the small Yukawa coupling to DM in our freeze-in setup.
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Without any further structure on the flavor texture, we
expect these different branching ratios to be comparable.
We remain agnostic about the value of these branching
ratios in this work.

The top diagram in Fig. 5, which resembles a Drell-Yan
(DY) production, comes from initial state muons, whose
PDF [100-102] is dominated by longitudinal fractional
momentum x = 1, while the other three diagrams are
similar to vector boson fusion (VBF) production channels.
In the VBF production channels, the original lepton
typically goes undetected in the forward direction down
the beam. Nonetheless, it sometimes recoils enough to fall
within the detectable n range and will give rise to an extra
charged lepton in the final state. We will not consider such
events in our search.

We use MadGraph5 [103] for event generation and study of
kinematic distributions. Based on the existing results on
various SM particles PDF in a muon [100-102], in our
simulations we assume the muons are all produced with
longitudinal fractional momentum x = 1, while electro-
weak gauge bosons are modeled with the effective vector
approximation and already included in MadGraphs [102]. The
total cross sections for ¢ pair production from various
initial states are shown in Fig. 6. We can see from these
figures that for heavy mediator masses the production is
strongly dominated by DY production channels, while at
low my values the VBF channel contribution becomes
more relevant (especially for center of mass energy
/s = 10 TeV). The contributions from DY processes with
other SM fermion initial states are negligible compared to
the aforementioned production channels.

The model’s signal at a collider is substantially affected
by the lifetime of the ¢ mediator; see Fig. 4. We divide the

10!
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| T vEmwTY e /222
10 e
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& ——————————————————— s\“‘x \
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FIG. 6. Cross section for pair production of ¢ mediators at a
future MuC with center of mass energy of 3 (blue lines) or 10 TeV
(orange lines). We do this calculation using MadGraph5 [103].
Results for different initial states are shown with line styles, with
DY as solid, W VBF as dot-dashed, and y/Z VBF as dashed. We
find that the production is dominated by the DY channel for the
mediator masses above a few hundred GeV.

parameter space of the model by ¢ lifetime z,5. Specifically,
we will consider two different strategies.

(i) Forz, <3 x 102 ns, the mediator decays promptly
to a lepton and the missing energy in the vicinity of
the interaction point.

(i) For 7423 x 1072 ns, the produced mediator par-
ticles are LLPs, moving inside the detector for a
macroscopic distance and leaving a charged track.
Depending on the lifetime, they can either decay
inside the detector (giving rise to displaced leptons)
or escape it (like heavy stable charged particles). In
either case, they will leave a detectable charged track
in some parts of the detector.

It should be emphasized that our division of the
parameter space into prompt and LLP is dependent on
detector geometry and exact process details; whether a cut-
and-count analysis for prompt signals is applicable to
longer lifetimes, or if an LLP search strategy to shorter
lifetimes, should be studied on a case-by-case basis and
once a final detector design exists.

In the upcoming sections, we detail a search strategy
and calculate the signal yield in each region. We should
emphasize that our proposal is a rudimentary analysis
intended to lay out simple search strategies and to dem-
onstrate the power of a high-energy MuC in probing this
well-motivated model. In the prompt region, we calculate
the SM background and report the systematics uncertainties
that can be tolerated while still allowing for a discovery. In
the LLP region, the irreducible background is generated via
BIB and the detector response, better understanding of
which requires simulations beyond the current work. Thus,
in this region, we simply report the signal yield and some of
its unique features, leaving further studies of the back-
ground, systematics, and the reach of a high-energy MuC to
future works.

IV. A SEARCH FOR THE PROMPT REGION

A. Kinematics and signal regions

As the name implies, in this part of the parameter space,
the signal of our model will be a pair of charged leptons and
missing energy coming from the prompt decay of the
mediator ¢. In this section, we go over the kinematics of
events in this part of the parameter space and put forward a
rudimentary search proposal. We will show that our
proposal can discover our model almost over the entire
kinematically accessible region.

The cross sections for ¢ pair production from various
initial states are shown in Fig. 6. The main background for
this search comes from electroweak gauge boson pair
production and decay in Fig. 7.

To reduce these backgrounds, we propose a cut on the
event’s transverse missing mass My, [104], the lepton
system invariant mass m,,, and the lepton system trans-
verse momentum pr ... The background from a pair
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FIG.7. Dominant SM background for our search in the prompt region. The W* W~ pair production is potentially the most constraining
background; we can suppress this background by applying My, cuts—see the text for further details.

production of Z bosons can be significantly reduced by m,,
or prse This is due to the fact that charged leptons
originating from SM gauge bosons decays have a much
lower invariant mass m,, and transverse momentum pr s,
compared to leptons coming from our mediator’s decay.
The remaining background from pair production of the W
boson can also be strongly suppressed by the use of M.
To see that, we should keep in mind that in our pair
production topologies M7, is bounded from above by the
mediator mass [104]. Thus, W pair production events
have much lower My, values than the signal events from
decays of ¢.

To better justify using these cuts, in Fig. 8, we show the
distribution of events in various kinematic observables, as
well as the SM background distributions. We find that the
distributions of the SM background and our model differ by
orders of magnitude in certain ranges of Mp,, m,,, and
Pr.z¢» hence motivating use of these variables. In particular,
we find SM background distributions are concentrated at
lower values of these parameters, thus justifying the use of
a lower bound cut on their value in our analysis. We should
also note the difference in the distribution of events from
the two signal channels (DY and VBF—see Fig. 5).

We use MadGraphs [103] to generate events for these
histograms. For SM background, we consider the processes
puut = "oy with £0) €[e, pu]. Other background
channels that come from VBF diagrams (namely,

|

optimized sensitivity m, = 1 TeV: (mgz, pr e, M) = (3.60,1.30,0.20) TeV,

optimized sensitivity m, = 4.5 TeV: (mgz, prs¢, M72) = (1.50,0.20,3.50) TeV.

VV — uuvv) can be approximated with the improved
Weizsacker-Williams ~ [105,106]  implementation  in
MadGraph5. We find that the VBF contributions give rise to
subpercent-level corrections to the background and can be
safely ignored, even before any kinematic cuts.

We propose putting a cut on the three kinematic variables
M7y, myp, and pr .. and counting the number of events
from our model and from SM backgrounds. We propose
different signal regions (with different cuts on each
kinematics observable) and allow for different signal
regions to have overlaps. For every point in the parameter
space, we choose the signal region that has the most
sensitivity to our signal.

Assuming a Gaussian distribution of SM background
events in each signal region, the statistical error bar on each
signal region is simply the square root of the average
number of SM events in that region, denoted by v/B.
Hence, we can quantify the significance of the signal count
S in each signal region by simply calculating S/+/B. (For
signal regions for which our MadGraph5 simulations predict
VB < 2, we use a statistical error of v/B = 2 instead to be
conservative.) For any given mediator mass, all regions
with S/+v/B > 5 allow a 5¢ discovery of our model.*

For /s = 10 TeV, we find the cuts on my,, pr. sz, and
My, that optimize our sensitivity to the model with
my = 1,45 TeV:

(4.1)

(4.2)

For /s = 3 TeV, we find the cuts on ms,, pr s,, and M, that optimize our sensitivity to the model with my =1,1.3TeV:

optimized sensitivity m, = 1 TeV: (mgz, pr e, M) = (0.45,0.69,0.53) TeV,

optimized sensitivity m, = 1.3 TeV: (mzz, prsr, M72) = (0.26,0.87,0.86) TeV.

(4.3)

(4.4)

*Since we use individual signal regions for a discovery, we do not need to resort to more sophisticated likelihood calculations;
repeating this analysis with more complete statistical treatment is straightforward.
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Histograms of invariant lepton mass (top), lepton transverse momentum (middle), and M4, (bottom) for our model (colored

lines) and for SM (gray lines) at a MuC with center of mass energies of 3 (left) and 10 TeV (right). The bin size for each observable is
50 (200) GeV for /s = 3(10) TeV. We use MadGraph5 with 10° events to generate each histogram. The solid (dashed) colored
histograms refer to signal processes from the DY (VBF) channel. In each figure, we show the distribution for two ¢ masses toward the
two kinematically accessible ends of the mass ranges. We find a sharp contrast between the SM’s and our model’s predictions,

motivating use of these cuts in our analysis.

Further details about how we arrive at these cuts are
included in Appendix B. We use the benchmark mass
my = 1 TeV, since it is around the lowest mediator mass
inside the prompt region (see Fig. 4); m, = 4.5 TeV
(my = 1.3 TeV) for \/s = 10 TeV (y/s = 3 TeV) is also
around the maximum mass (y/s/2) that is kinematically
accessible. We should note that, since the mediator cou-
pling to DM is very small, the signal is completely
suppressed for the mass ranges where the mediator cannot
be produced on shell.

We use the cuts from Egs. (4.1)—(4.4) and the average of
the cuts on the two extreme mass cases for each center
of mass energy to define 27 overlapping signal regions
for each center of mass energy. For each point in the para-
meter space, we identify the signal region that has the best
S/+/B. In Fig. 9, we show signal regions, as defined in
Appendix B, that are most sensitive to each point in the
parameter space and allow a 5¢ discovery. The marked
mass range for each signal region shows where that
signal region gives rise to a discovery, while neglecting
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FIG. 9. The range of mediator masses that each signal region could discover with 5o confidence at a future MuC with center of mass
energies of 3 (top) or 10 TeV (bottom), assuming zero systematic uncertainties. The lines indicate the mass range in which each signal
region yields a discovery, while the dots denote the best-fit signal region for each mass point. We find that for all masses above a TeV,
and almost up to /s/2, a future MuC can discover the signal of our model.

systematics; the small dots for each mass point indicate the
best-fit signal region for that mediator mass. It should be
noted that this analysis is independent of the DM mass m,,;
for virtually every point in the prompt decay region, the
DM can be treated as massless.

We find that the cuts are strong enough that essentially
any part of the parameter space where ¢ pairs can be
produced on shell can be probed in future MuCs. We find
that for most mediator masses there are multiple signal
regions that allow a 5S¢ discovery.

B. Target systematics

We have thus far ignored various systematics uncertain-
ties for each signal region. There are many ongoing
experimental efforts for designing the MuC detector and
estimation of systematic uncertainties. Tolerable systemat-
ics on well-motivated models, such as the ones studied in

this work, can serve as a motivated target in such studies.
In Fig. 10, for each ¢ mass we calculate the maximum

systematic uncertainties (as a fraction of the statistical
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FIG. 10. Tolerable systematic uncertainty for each signal region, as a fraction of statistical uncertainty, that still allows a discovery of
our model for different mediator masses; see Fig. 21 for definitions of signal regions. The left (right) column includes signal regions at a
3 (10) TeV MuC. We include only signal regions with more than 20 signal events. Signal regions not included in this figure either have
fewer signal events or do not give rise to a 5S¢ discovery of the signal, even in the absence of systematics uncertainties.

uncertainty in that region) that still allows a discovery of
our model for that point in the parameter space. In doing so,
we assume systematics and statistical uncertainties are
uncorrelated. (We also used /B =2 for signal regions
that have v/B < 2 in our simulations.)

This figure shows that, even with systematics uncertain-
ties that are comparable to the statistical error in the most-
sensitive signal regions, we can still discover our model in
the kinematically accessible parts of its parameter space.

Finally, we should point out that in our analysis we used
the average background prediction in each signal region
according to the results of MadGraph5 simulations.

Theoretical uncertainties on this prediction should also
be included in an actual analysis by smearing the SM
prediction in each signal region by a Gaussian distribution.
We will leave a thorough treatment of all systematics,
statistical, and theoretical uncertainties for future works.
It should also be noted that our search can be repeated for
other types of flavored DM models. In the case of quark
flavored models, we expect to have a jet, instead of the
charged lepton, from the primary vertex, and our search
should be updated accordingly. We expect cuts on similar
set of kinematics observables will allow us to probe the
prompt region parameter space of all such models as well.
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V. A SEARCH FOR THE LONG-LIVED REGION

For longer lifetimes, the pair of mediators can leave a
charged track in the detector and give rise to various LLP
signals; see Refs. [99,107] for recent reviews of LLPs.
In our setup, depending on the lifetime, the produced ¢
particles subsequently either decay to a charged lepton and
a DM particle inside the detector or escape the detector
without decaying. Further studies are required for better
understanding of the background for these searches; see
the discussion below. This prevents us from reporting the
discovery reach of a future MuC in our model’s parameter
space at the moment. Instead, here we focus on the signal
yield of our model. In particular, we will calculate the
distribution of expected number of displaced leptons in
different detector components.5 We also show that our
model exhibits a double-peak feature in some kinematic
distributions that distinguishes it from SM background.
Given the fact that our setup is a theoretically motivated
target and its production rate and signals are generic for any
electroweakly charged LLP, we hope this signal yield can
serve as a target for experimental studies and detector
design efforts.

A. Long-lived particle kinematics

Previous studies of LLPs at a high-energy MuC focused
on scenarios where the long lifetime is an artifact of a
small mass splitting between the LLP and its neutral
daughter [109-111]. In such scenarios, the charged decay
product, e.g., a SM charged lepton, can carry a small
momentum and escapes detection, giving rise to a dis-
appearing track signature. In our setup, on the other hand,
the mediator and DM have a large mass splitting, and the
long lifetime of the mediator is an artifact of a small
Yukawa coupling. As a result of this large mass splitting, if
the mediator decays inside the detector, the charged lepton
will be easily detectable.

We study the distribution of fy, where = v/c and
y = (1—=p*)7"2, and pseudorapidity ». In Fig. 11, we
show 1D histograms of fy and # for a few different points
on our parameter space and for center of mass energies of
/s =3 TeV and /s = 10 TeV. In making these histo-
grams, we run MadGraphs with 10° events for each produc-
tion channel (DY and VBF). We then weigh the number of
events from each production channel by its corresponding
cross section to get the combined distribution.

In Fig. 11, we see features that are distinct to the
individual production channels, DY and VBF, which, in
turn, help inform the types of cuts we can use in a search for
our model. In the DY channel, the initial muons each carry

°In our model, the mediators are always produced in pairs.
Thus, each signal event includes two charged tracks and two
displaced leptons that could further enhance the search [108]. We,
however, will not explicitly use this property in our rudimentary
analysis here.

E = /s/2, which, in turn, gives rise to the maximum value
of y = E/m, for a given m, and leads to the very sharp
peak in the fy distribution. An increase in mg results in a
smaller y, so the peak of the Sy distribution will shift to
lower values.® We find that this channel gives rise to
centralized ¢ particles (small |5|) as well. This motivates
searches focusing on this region. The VBF production
channel gives rise to a wider spread in both fy and 7, owing
to the wider spread of initial gauge bosons PDF [100-102].

B. Background and time of flight

The background for LLPs can be divided into a reducible
SM background and an irreducible background from the
detector response. While there are a handful of SM particles
that appear as LLPs at a collider (e.g., see Ref. [112]), using
various kinematic observables, such as time of flight or
anomalous ionization rate (dE/dx), allows us to distinguish
them from heavy new physics LLPs. Other techniques such
as empty bunch crossing also allow us to better understand
and reject SM background; see Ref. [107] for further
discussions of SM background mitigation techniques.

A useful quantity in reducing the SM background is the
time of ﬂight.7 In particular, the difference between the
arrival time of a ¢ particle and SM particles in the same
direction, At = t;1p — fgm, can be used to distinguish it
from SM particles, which move with # = 1. In Fig. 12, we
show the distribution of this variable, at the inner border of
the muon system (L = 446.1 cm transverse distance from
the beam in the design of Table I). The time difference
scales linearly with the transverse distance L at which
we measure it; thus, we can use this figure to calculate the
time difference at different transverse distances in the
detector.

Small At events in Fig. 12 are produced by the DY initial
channel (with larger f and Sy values), while events from the

®Currently, the muon PDF in a muon beam is not implemented
in MadGraph5. Thus, in our simulations we assumed each muon
enters the interaction with /s/2 energy as an approximation.
The PDF of a muon in the beam has support for x # 1 as
well [100-102]. As a result, the real distribution of gy from this
channel is slightly diffused to values smaller than +/s/2.
Including the PDF will soften the peak in the distribution of
events from the DY channel. Nonetheless, given the sharp peak in
a muon PDF [100-102], we still expect a large peak in various
kinematic distributions from this channel if the real muon PDF is
included in the simulation.

Another useful quantity in LLP searches is the anomalous
ionization rate dE/dx. In particular, this quantity can be used in
reconstructing the track mass and cutting away SM background.
At LHC, measuring dE/dx has a smaller uncertainty when only
the barrel region pixel layers are used. This motivates LLP
searches focusing on the central events at a MuC as well. A
proper calculation of this rate depends on characteristics of the
detector material and tracks interactions with the detector, which
can be extracted only from simulations. As a result, we acknowl-
edge the possibility of using this quantity and its importance in
the LLP searches, leaving more in-depth studies for future.
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FIG. 12. Distribution of the difference between the arrival time of ¢ and a massless particle moving in the same direction at the onset of
the muon system (L = 446.1 cm), as predicted in our MadGraph5 simulation for three different mediator masses. In these histograms, the
log-scale x axis is binned in steps of 0.2 decades. The arrival time scales linearly with L. Events at lower (higher) Az values correspond to
the DY (VBF) production channel. As the mediator mass increases, the LLPs move more slowly, shifting the distributions to higher At

values.

VBEF channel arrive later, since they have lower values of /.
This figure shows that, at L = 446.1 cm, timing resolution
of around 0.1-1 ns (1-100 ns) is enough to separate most
events from the DY (VBF) channel from SM background.
When compared to the current timing resolution at LHC
(~0.1-1 ns for comparable L values), we find that the

majority of events, especially from the VBF channel or for
large enough my, values, arrive with enough delay that we
can use the time-of-flight information to discern our LLP
signal from background.

In addition to the SM reducible background discussed
above, interactions of the beam, various tracks, or the BIB
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FIG. 13.

Distribution of events in ¢’s transverse displacement at ¢ = y7,, normalized by the lifetime L /7, for different mediator masses

at a MuC with center of mass energy of \/s = 3 TeV (left) or /s = 10 TeV (right). The bin sizes are 6 cm/ns. The shape of the L /7
can be inferred from distributions in Fig. 11 and Eq. (5.1). For different points in the parameter space, the mediator lifetime 7, can be
read off from Fig. 4; combined with these plots, we can then find the transverse displacement for events at any point in the parameter
space for every DM mass. The double-peak feature in the right figure can give rise to interesting LLP signals, as elaborated in the text.

with the material in the detector give rise to an irreducible
background. Currently, there are limited studies on this
topic [109]. Nonetheless, they have shown that such back-
ground events can be mitigated by timing information,
track quality, and track directionality information. Further
studies are in order to completely understand the detector
response and background for LLP searches at a high-
energy MuC, and, depending on the lifetime, different
background mitigation strategies have to be deployed.

To be able to discover our model, we need to estimate
this irreducible background as well. This can be done only
with extensive simulations, beyond the scope of this work.
Nonetheless, the signal yield of our model sets a reasonable
target precision. Given the theoretical motivation of our
model and how generic its signal yield is for all models of
electroweakly generated LLPs, we hope our results in the
upcoming section inform the ongoing studies in developing
the detector design.

C. Charged tracks and displaced lepton signal

In this section, we calculate the signal yield of our model
on the LLP part of the parameter space. We will show that
our model gives rise to many events across the entire
kinetically accessible part of the parameter space. We will,
in particular, highlight a double-peak feature in the dis-
tribution of events in the detector and argue that it is a
shared signature of all electroweakly charged LLPs at a
high-energy MuC.

The kinematic quantities fy and #5 directly enter the
calculation of the trajectory of LLPs inside the detector.
In LLP searches, we are, in particular, interested in the
transverse direction away from the beam, L. It can be
shown that, for realistic magnetic field values, the track
curvature for my 2 1 TeV is very small and will not affect

the LLP observables under study here.® Thus, we neglect
the effect of the magnetic field and assume the tracks move
on straight lines after their production.

We can show that, as a function of time, the transverse
distance from the beam at time ¢ (in the lab frame) is
given by

pt

L(v.p.n) = coshnp’

(5.1)

Using this, we can calculate the transverse displacement for
every event at f = yr,. The time ¢ = yz, is the average time
at which the ¢ particle decays to a charged lepton and
missing energy, giving rise to a displaced lepton.

In Fig. 13, we show the distribution of transverse
displacement L at t =yt for a few different points in
our parameter space. The sharp peak in large L/, values
in the distributions corresponds to events from the DY
channel that all have a very large fy value. We also find that
for smaller mediator masses the distribution stretches to
larger values of L/z,, giving rise to more displaced leptons
further away from the beam.

The L/z, distribution exhibits an interesting double-
peak feature; the peak at large values arises from the DY
production, while the peak at lower values is an artifact
of the n dependence in Eq. (5.1) and arises from VBF
channel. Since these production channels universally apply
to all electroweakly charged LLPs, we expect a similar

8For precise measurements of some LLP observables, such as
closest approach of the track to the primary vertex, one needs to
include the effect of the magnetic field. However, this is not the
case for the displaced leptons and charged track signals studied in
this work.
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FIG. 14. Distribution of events in the # — fy plane for different ¢» masses at a 3 (10) TeV MuC on the left (right). The bin sizes are 0.5
for n. For fy, the bin size is 0.05 except for /s = 10 TeV and m; < 1 TeV, where we use 0.2. Contours of constant L /7, [cm/ns] are
shown as well [see Eq. (5.1)]; see the text for further explanation on the shape of the contours. The clusters of events at maximum Sy
values are from the DY production channel. We find that the majority of events from the DY and the VBF channel appear with different

kinematics.

double-peak feature in the distribution of L/z, in all
such models.” The main irreducible background for LLP
searches come from secondary interactions of particles with
the detector material, and this double-peak feature may not
be manifested in this background. As a result, this feature

°Once the muon PDF is properly included in the simulations,
we expect this peak to spread out to some extent. Nonetheless, the
sharp peak at x — 1 in this PDF [100-102] still will give rise to a
peak in the fy and in L /7, distributions, maintaining this double-
peak feature.

could be a smoking gun signature of electroweakly charged
LLPs at a MuC and could be used for an efficient back-
ground rejection.

In Fig. 14, we show the joint distribution of events on the
plane of 7 — py for a few different mediator masses. In each
plot, we can see a cluster of events at highest physically
possible value of fy which correspond to the DY-generated
events. The VBF-generated events have a wider distribution
in both # and fy, as expected.

We also show contours of constant L/z, on the fy —n
plane in Fig. 14. The shape of these contours can be
inferred from Eq. (5.1). For a fixed value of 7, these
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FIG. 15. Average rate of displaced leptons in different barrel regions of the detector for a 3 TeV MuC, assuming the tentative design of
Table I, as well as average number of detector-stable charged tracks. The DM Yukawa coupling to the mediator is chosen to get the right
relic abundance today. The left (right) cluster corresponds to events from the initial DY (VBF) channel in Fig. 5; see the text for further
explanation about the shape of contours. The gray region corresponds to m, > m, and is not phenomenologically viable. Our model’s
signal yield can serve as a benchmark in studies of tolerable systematics in LLP searches at a MuC. The region below the green (pink)
line is already ruled out by the LHC search in Ref. [89] (Ref. [90]).

035022-16



INTERPLAY OF FREEZE-IN AND FREEZE-OUT: LEPTON- ...

PHYS. REV. D 110, 035022 (2024)

Number of Expected Events (/s = 10.0 TeV, £ = 10.0 ab™1!)

Decays in Vertex Detector

10°
103
10!
107!
1073
107°

my [GeV]

102 T . .
1079 107! 10! 10?

my [GeV]

103

Decays in Outer Tracker

10°
108

1071
1073
1075

mg [GeV]

10?
1079

100 10! 108
my [GeV]

Decays in HCAL

103

my [GeV]

102
1075

10! 10! 108
my [GeV]

103

Decays in Muon Detector

2
1075

10! 100 108
my [GeV]

103

Decays in Inner Tracker

103
10!
107!
1072
1079

my [GGV]

100 10! 108
my [GeV]

Decays in ECAL

103

1079

10°

= 108

[} 3 1

EzJ10 10
o 1071
E 1073
102 ; ; ; ; 10_5

107° 1073 107! 10t 108

m, [GeV]

Decays in Solenoid

me [GGV]

100 10! 108
m, [GeV]

103

1075

Decays Outside

m¢[GeV]
—
=)
w
e e e e e
o o o o o o
[ - B
ot W =

102
107° 107! 10 108

m, [GeV]

1073

FIG. 16. Similar to Fig. 15, but for a MuC with center of mass energy of /s = 10 TeV. We again find that virtually the entire
kinematically accessible part of the parameter space gives rise to large numbers of charged tracks and displaced leptons. The region
below the green (pink) line is already ruled out by the LHC search in Ref. [89] (Ref. [90]).

contours tell us at what transverse distances the ¢ particle
will (on average) decay and inform the signal yield of our
model. For 7, = 1 ns, these contours show L in centi-
meters, while for larger lifetimes the contours of constant L
move down on the plots. We can repeat this calculation for
all mediator and DM masses to calculate the rate for
displaced leptons appearing in any transverse distance

segment of the detector, inclusive over other kinematic
variables such as n and fy. The rate for displaced leptons
appearing at a given transverse distance is our model’s main
signature in the LLP region.

The transverse distance can be mapped to detector
components as defined in Table I. We show the average
number of displaced leptons in the barrel region of each
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FIG. 17. The same as Fig. 15 but on the plane of m, — 7,. We find a large signal yield, in at least one component of the detector, for

most of the parameter space beyond the current LHC reach. The region below the green (pink) line is already ruled out by the LHC
search in Ref. [89] (Ref. [90]).

detector component on our model parameter space in Figs. 15 and 17 (Figs. 16 and 18) for /s = 3 TeV (/s = 10 TeV)."”
End cap regions are neglected, since, similar to LHC, it is reasonable to expect more SM background in end caps with large

"In the compressed region my, ~ m,,, the daughter lepton from ¢ decay will be soft and will typically escape detection, giving rise
to a disappearing track if they decay inside the detector. However, the lifetime 7, is very long in this region of the parameter space
(see Fig. 4), so our signal will still be a heavy stable charged track. The disappearing track signals for LLPs that decay inside a MuC are
studied extensively in Ref. [109].
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FIG. 18. The same as Fig. 16 but on the plane of m; — z,. We find a large signal yield, in at least one component of the detector, for
most of the parameter space beyond the current LHC reach. The region below the green (pink) line is already ruled out by the LHC

search in Ref. [89] (Ref. [90]).

track masses that are difficult to distinguish from LLP
signals and that dE/dx measurements in the end caps are
slightly less accurate compared to their barrel region
counterparts. Our analysis can be straightforwardly
repeated for the end cap regions as well.

In Figs. 15 and 16, we show the signal yield on the plane
of m,, — m. In each detector component, the distribution of

events clearly divides up into two separate regions. The
upper cluster of events in these figures—at lower m,, and
higher m, values—corresponds to events originating from
the initial DY channel, while the other cluster of events
come from the initial VBF channel. These two separate
clusters of events are a manifestation of the previously

explained “double-peak” feature seen in Fig. 13.
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The features of the signal regions in Figs. 15 and 16 can
be understood through the shape of the L contours in
Fig. 14. Recall that, for a fixed value of T4 the contours in
Fig. 14 tell us at what transverse distances the ¢ particle
will (on average) decay, i.e., L(t = yzy). At very short
lifetimes, the contours associated with each barrel region in
Fig. 14 are above the entire distribution of events. As the
lifetime increases, contours of constant L move down in
Fig. 14 (see Fig. 4 for contours of constant lifetime).
For fixed My, Ty increases with higher m, values, and so
we find that the events at low m,, are predominantly from
the DY channel (as they are on top of 2D histograms in
Fig. 14). As we increase m, (and 7,), the VBF channel
increasingly contributes. Since distributions of DY- and
VBF-generated events peak at different fy values in
Fig. 14, we find two separate clusters of events in each
detector component in Figs. 15 and 16. The slope of each
cluster of events is inherited from contours of constant
lifetime on the mass plane; see Fig. 4.

The last panel in both Figs. 15 and 16 corresponds to
tracks that are expected to go outside the detectors without
decaying. We include only the tracks with small enough 7’s
that go through all barrel regions, i.e., # < 0.61; see Table 1.
These panels clearly show that a large number of such
stable tracks are expected on a large part of the viable
parameter space, allowing us to look for the signals of this
model on virtually the entire kinematically accessible
parameter space.

In Figs. 17 and 18, we present the same information (the
signal yield in each detector component) on the m, — 7,
plane. Existing LHC bounds on the parameter space are
marked again. We clearly see that, at a MuC, a large part of
the parameter space unaccessible at LHC will have a large
signal yield. The double-peak feature discussed above is
clearly visible in these plots as well.

Our results should be contrasted to the current bounds
from LHC in Fig. 4. Putting the numbers from all panels in
Figs. 15-18 together, we find that we have at least 103
events in at least one part of the detector for almost the
entire kinematically accessible parts of our parameter
space; see Appendix C. Hence, once a reasonable degree
of systematics is achieved, future high-energy MuCs can
sift through a much larger part of the parameter space
than LHC. This clearly underscores the supremacy of a
high-energy MuC in searching for this DM model. Crucial
in this supremacy are the stable tracks that go through
the entire detector without decaying; see the last panel in
Figs. 15-18. For most of the parameter space, this is the
dominant LLP signal and can be used for probing the
parameter space inaccessible by displaced lepton signals in
the detector. The double-peak feature, which, in turn, is an
artifact of two distinct production channels, suggests for
many points in the parameter space that we can have many
displaced leptons in more than one component of the
detector.

We should emphasize that Figs. 15-18 show the average
number of decays and displaced leptons (or stable charged
tracks). The true number of events in each barrel region will
be drawn from a Poisson distribution around this average.
Further details about kinematics of our model in the LLP
region are included in Appendix C.

VI. CONCLUSIONS

We initiated a detailed study of the freeze-in flavored
DM setup in which flavored DM coupling to the sleptonlike
mediator is very small. We showed that the interplay of
direct freeze-in and the mediator freeze-out gives rise to an
interesting abundance calculation, such that the dark matter
mass should be below a few TeV in order to avoid over-
closing the Universe. Combined with the existing collider
and astrophysical bounds, this gives rise to a bounded
viable parameter space for this model.

We also studied signals of our model at a future high-
energy MuC. As a result of the feeble Yukawa coupling
of DM, all signals of the model in a MuC originate from
the on-shell pair production of the mediator. The range of
mediator masses and lifetimes in the viable parameter space
is such that we can have prompt as well as various long-
lived particle signals at a MuC. We divided our parameter
space into two broad ranges according to the mediator’s
lifetime, namely, prompt and LLP regions.

In the prompt decay region, we proposed a rudimentary
analysis and identified the target systematics that ought to
be achieved in order to discover our model at a MuC. Our
analysis uses cuts on invariant leptonic system mass n,
missing transverse mass parameter M,, and the leptonic
system transverse momentum py .. We found that in the
part of the parameter space with prompt mediator decay,
if systematic uncertainties are comparable or smaller than
SM background, our proposed analysis can discover this
model at effectively the entire kinematically accessible
parameter space.

For longer lifetimes, we will have a charged track in the
detector which, depending on the lifetime, can either decay
to a lepton and missing energy or decay outside the
detector. While the SM background can be reduced away
using quantities such as time of flight or anomalous
ionization rate, detector response can give rise to an
irreducible background. A proper study of these effects
requires extensive simulations and is left for future works.
In the absence of concrete simulations, here we reported the
signal yield and various kinematics distributions. In par-
ticular, we showed that the displaced lepton distribution
has a double-peak signature that could potentially be used
for efficient background rejection. This feature appears as
two large sets of signal events, produced through the two
distinct channels (DY and VBF), in different detector
components.

Our work can be extended in many directions. Foremost
among them is a detailed study of the detector design that
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enables detailed studies of the background. Given the great
reach of future MuCs in our model’s parameter space, the
universality of its production rate, and its theoretical
motivation, we believe our model can serve as a motivated
benchmark target for future studies on development of the
detector by setting a target for systematics of such works.

Our analysis can also be repeated for other flavored DM
models, i.e., mediators with the same charges as other SM
fermions. All these setups have the added bonus that the
artificial alignment of the DM Yukawa and SM Yukawas in
flavored DM models, required for evading bounds from
flavor-changing neutral currents and lepton flavor viola-
tion, are completely avoided thanks to the feeble DM
coupling. While the relic abundance calculation resembles
the calculation here, we expect a different collider phe-
nomenology for some of them thanks to their different
production and decay channels.

Furthermore, as alluded to earlier, the muon PDF is not
yet included in MadGraph5; thus, we neglected its effect in the
DY production channel. With the ever-growing interest in
BSM signals at a MuC, it is interesting to work on proper
embedding of this PDF in the event-generation pipeline.

It will also be interesting to consider signals of such
models in other experiments, such as various astrophysical
or direct detection searches. (See Refs. [85,86] for a study
of astrophysical bounds on a quark-flavored DM model in
the freeze-in regime.) In particular, there is a large part of
the parameter space inaccessible to colliders in foreseeable
future, motivating searches in the aforementioned comple-
mentary fronts.

High-energy MuCs are strongly motivated for their
ability in probing different models of the Higgs boson
UV-completion, flavorful new physics, and DM models.
Our study outlines a simple and interesting DM model with
unique signatures that can serve as a target for searches at a
high-energy MuC and inform its detector design.

The code to produce the plots and results in this paper
is available [113]. We also use the following software:
Julia [114], DataFrames.jl [115], CSV,jl [116], DifferentialEquations.jl
[117], HCubaturejl [118], Optimjl [119], PythonCalljl [120],
QuadGK.jl [121], Roots.jl [122], and MATPLOTLIB [123].
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APPENDIX A: MORE DETAILS ON RELIC
ABUNDANCE CALCULATION

The relic abundance is directly related to the final y
yield Y7:

T3 872G
=2m, y® -0 il

Q _—’
77 303H3

y (A1)
where T, = 2.7255 K and H, = 100hkms~' Mpc~! are
the temperature and Hubble constant today, respectively,
and G is the gravitational constant. The factor of 2 accounts
for y and } both contributing to the final relic abundance.
To be fully accurate, one should run the Boltzmann
equation solver out to a sufficiently long time to obtain
Y. However, we can also estimate this by noticing that ¥,
follows its freeze-out value until decaying, and Y, follows
its freeze-in value (assuming Y is in equilibrium) until ¢
decays. This information leads to the approximation that
Ye Yy 4+ V0. (A2)
This approximation is useful because Y;O depends only on
¢’s mass, its couplings to the SM are fixed by its charge,
and we can analytically calculate YEI. We have checked
that, for the majority of the parameter space, this approxi-
mation has less than 1% error in the abundance calculation.
Starting with y’s Boltzmann equation, we set Y, =
Yyrq and start from Y, = 0. The Boltzmann equation
for y will be [74]

ar, _ x 9y30 s,
dx  H(m,) 2

Ky (x), (A3)

and we can simply integrate this from x =0 to x = o
to find

9g r —7,
Y};I — P~ Py , (A4)
4rzH (m,)
with the decay width for ¢ — £y given by
’12’"4/) m2\ 2
Ty, =—=(1-—4) . AS
AT ( mﬁ)) (A3)

We can plug in the approximation to the relic abundance
to get

T3 872G

. (A6)
30 3H2

— FI FO

Q, =2m, (Y5 + Yi°)

To find the particular A that gives the correct relic
abundance Qxhz ~0.12, we insert our expression for Y}

and rearrange to get the Yukawa coupling that gives rise to
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the right relic abundance today:

X =

87 H(my) [45Q H?
2 \/ L0 m,YIO. (A7)

3(1 = my/my) \| gym,my\ 82GT;

We plot this quantity in Fig. 3.

APPENDIX B: MORE DETAILS ON THE
PROMPT SEARCH

In this Appendix, we provide further results of our
MadGraph5 simulations that inform the cuts we used in our
prompt region search.

my = 1.0 TeV, /s = 3.0 TeV, £ = 1.0 ab™!
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To better determine what cuts can optimize the reach of a
MuC collider, in Fig. 19 (Fig. 20) we show 2D histograms
of the ratio of the signal (S) to square root of the back-
ground (B) for a few different ¢» masses and for a center of
mass energy of 3 TeV (10 TeV). These histograms inform
us about what lower bounds on each kinematic parameter
yields the best reach for any given mediator mass and
collider’s center of mass energy.

Based on these results, we can define a set of signal
regions that together are sensitive to all values of m. The
definition of signal regions we use and their background B
is included in Fig. 21.

To further illustrate the effect of each cut as a function
of ¢ mass, in Fig. 22 we show the signal yield and the

mgy = 1.3 TeV, /s = 3.0 TeV, £ =1.0 ab™!
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FIG. 19. Contours of significance of the signal (signal count S over square root of background /B) for different minimum values on
each observable. We show the effect of cuts on events from two different ¢ masses, 1 (left) and 1.3 TeV (right), at a MuC with a center of
mass energy of \/s = 3 TeV. In each panel, we show the effect of varying two cuts while fixing the third one to the value that maximizes
the significance. We find large significances are attainable. These figures inform the cuts used in definition of the signal regions.
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mg = 1.0 TeV, /s = 10.0 TeV, £ = 10.0 ab™! mg = 4.5 TeV, /s = 10.0 TeV, £ = 10.0 ab™?
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FIG. 20. Contours of significance of the signal (signal count § over square root of background /B) for different minimum values on
each observable. This is the same as Fig. 19, but for ¢) masses 1 (left) and 4.5 TeV (right), and at a MuC with a center of mass energy of
/s = 10 TeV. We find large significances are attainable. These figures inform the cuts used in definition of the signal regions
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FIG. 21.
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SR 12 SR 15 SR 18 SR 12 SR 15 SR 18
pe = 690 GeV pe = 780 GeV pe = 870 GeV pe = 1300 GeV pe = 750 GeV pe = 200 GeV
My, = 860 GeV My, = 860 GeV My, = 860 GeV My, = 3500 GeV My, = 3500 GeV My, = 3500 GeV
B =521 B =521 B =518 B =20 B =20 B =20
SR 11 SR 14 SR 17 SR 11 SR 14 SR 17
pe = 690 GeV pe = 780 GeV pe = 870 GeV pe = 1300 GeV pe = 750 GeV pe = 200 GeV
My, =700 GeV My, =700 GeV My, =700 GeV My, = 1800 GeV My, = 1800 GeV Mrp, = 1800 GeV
B = 1392 B = 1185 B =915 B = 2329 B = 2329 B = 2329
SR 10 SR 13 SR 16 SR 10 SR 13 SR 16
pe = 690 GeV pe = 780 GeV pe = 870 GeV pe = 1300 GeV pe = 750 GeV pe =200 GeV
My, =530 GeV My, =530 GeV My, = 530 GeV My, =200 GeV My, =200 GeV My, =200 GeV
B = 2647 B =1913 B =1347 B = 15060 B = 35963 B = 55882

Vs =3TV | my > 260 GeV V5 =10TeV , my > 990 GeV
SR 21 SR 24 SR 27 SR 21 SR 24 SR 27
pe = 690 GeV pe = 780 GeV pe = 870 GeV pe = 1300 GeV pe = 750 GeV pe = 200 GeV
My, =860 GV | My, = 860 GeV My, = 860 GeV My, = 3500 GeV | My, = 3500 GeV | My, = 3500 GeV
B =59 B =594 B =588 B =20 B =20 B =20
SR 20 SR 23 SR 26 SR 20 SR 23 SR 26
pe = 690 GeV pe = 780 GeV pe = 870 GeV pe = 1300 GeV pe = 750 GeV pe = 200 GeV
My, =700 GeV My, =700 GeV My, =700 GeV My, = 1800 GeV My, = 1800 GeV My, = 1800 GeV
B = 1579 B = 1357 B = 1049 B =3112 B = 3112 B =3112
SR 19 SR 22 SR 25 SR 19 SR 22 SR 25
pe = 690 GeV pe = 780 GeV pe = 870 GeV pe = 1300 GeV pe = 750 GeV pe = 200 GeV
My, = 530 GeV My, = 530 GeV My, = 530 GeV My, = 200 GeV My, = 200 GeV Mg, = 200 GeV
B = 3079 B = 2243 B = 1582 B = 28814 B = 70299 B = 98170

Signal regions (SRs) used in our proposed search for /s = 3 TeV (left) and for /s = 10 TeV (right). The cuts used on each
kinematic variable and the SM background in each region are reported. Determination of the cuts are informed by the most sensitive cuts

on various extreme masses in the parameter space from Eqs. (4.1)—(4.4).
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FIG. 22. Signal yield and the SM background of four sample signal regions with similar cuts, for different mediator masses. For each
mass, if a signal region has S > 5v/B signal events, it can give rise to a discovery (neglecting systematics). We find that the M, cut
controls the lowest mediator mass each signal region is sensitive to. Different m,, cuts affect the total number of events while leaving the
overall dependence on mediator mass unchanged. Comparing the signal regions with similar cuts, we find that increasing the pr ., cut

shifts the signal distribution to higher ¢ masses.

background for four sample signal regions with very
similar cuts. These figures indicate that an My, cut is
the lower bound on the mediator masses that populate a
signal region, as expected [104]. The py ., and m,, cuts
also reduce the SM and total signal yield in a signal region.
Increasing the py ., cut shifts the distribution to higher m,
masses as well.

APPENDIX C: MORE DETAILS
ON THE LLP SEARCH

For completeness, in this Appendix, we include the 2D
histograms of events in different kinematic observables in
the LLP search. In particular, in Fig. 23 (Fig. 24), we show
the 2D histograms of the distribution of events in the
transverse distance L(¢ = yz,)/7, and their pseudorapidity
n (their py), for a few mass points in the parameter space.
The double-peak feature in Figs. 1114 are still visible here
as well. The figure also shows that the smaller the mediator

mass, the more separated in L/7y the two peaks in the
distribution.

Figure 23 also reiterates the concentration of events at
small || values. This allows us to introduce stringent
cuts on this variable to cut down the SM background
while preserving majority of signal events. The fact that
the DY-generated events are more concentrated at
smaller |n| values is also an underlying cause of the
separation of the cluster of events from different channels
in Figs. 15-18.

In Figs. 25 and 26, we show the maximum number of
decays across different detector segments. To make these
plots, for each point in the parameter space we simply
report the maximum event count from among all panels in
Figs. 15-18. We find that for most points in the parameter
space we have at least 103~10* events in at least one part of
the detector (including events that are detector stable and
give rise to stable charged tracks).
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FIG. 23. Joint distribution of events in # — L /7, for three different mediator masses (different rows) at a 3 TeV MuC (left) ora 10 TeV
MuC (right). The bin sizes are all 0.5 for  and 1.5 cm/ns for L/z, (except for /s = 10 TeV, m, = 0.5 and 1 TeV, where they are
6 cm/ns). Events at the largest L /7, values are due to the DY initial channel. The double-peak feature in the distribution (at large and

small L values) is manifested as well.
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FIG. 24. Joint distribution of events in fy — L/z, for three different mediator masses (different rows) at a 3 TeV MuC (left) or a
10 TeV MuC (right). Bin sizes are (L/74,fy) = (1.5 cm/ns,0.05) [except /s = 10 TeV, my = 0.5 and 1 TeV, where they are
(L/74.Py) = (6 cm/ns,0.2)]. Events at the largest L/z, values are due to the DY initial channel. The double-peak feature in the

distribution (at large and small L values) is manifested as well.
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FIG. 25. Maximum rate of displaced leptons across different detector regions or stable charged tracks for every point in the para-
meter space in a 3 (left) and a 10 TeV (right) MuC. The region below the green (pink) line is already ruled out by the LHC search

in Ref. [89] (Ref. [90]).
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FIG. 26.  Similar to Fig. 25 but on the plane of m — 7, instead. The region below the green (pink) line is already ruled out by the LHC

search in Ref. [89] (Ref. [90]).
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